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Nitrogen deficiency is a common but readily managed constraint to grain yield. A quick and non-
destructive detection of crop N status using remote sensing could be a means to increased N use 
efficiency. Research was conducted in a greenhouse in 2006 at the University of Nebraska-Lincoln to 
establish the relationship of spectral reflectance with N status in leaves of grain sorghum, to develop 
indices for interpretation of the results and to predict chlorophyll content. Nitrogen stress decreased 
chlorophyll meter reading and leaf N content, but increased leaf and canopy reflectance. The SPAD 
values were significantly increased by both water and N stress. Reciprocal reflectance in the green 
range (549 to 560 nm), and red edge range (710 to 718 nm) wavelength of the spectrum were good 
indicators of N stress. The best fit regression between leaf chlorophyll content and the indices in the 
green and red edge wavebands were linear with an R2 of 0.76 to 0.79. A model calibrated using these 
wavelengths minus reciprocal reflectance of NIR (750 nm), predicted leaf chlorophyll content with root 
mean square error (RMSE) ranging between 52 and 56 mg m
-2
, and reduced the intercept of the model 
from 312 to 35 mg m
-2
 in the green range and 486 to 21 mg m
-2
 in the red edge. Future studies will be 
conducted to evaluate the effectiveness of the indices at the canopy level of grain sorghum.  
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INTRODUCTION 
 
Sorghum (Sorghum bicolor (L) Moench) is the fifth most 
important cereal after rice, wheat, maize, and barley. 
Sorghum is a major food grain for millions in the semi-
arid tropics of Africa, Asia, and Latin America and is an 
important commercial and export crop in the USA, 
Argentina and Australia (US Grain Council, 2015). 
Improved varieties respond to N and water stresses as 
any of the other cereals (Maman et al., 2003; Zhao et al., 
2005). It is more tolerant of drought and nutrient stresses  
than some other cereals and often well-adapted to semi-
arid conditions. Nitrogen availability is often inadequate 
for optimum grain sorghum yield but lack of available 
water reduces N uptake and decreases yield response to 
N (Ferguson, 2000).  
Determining N status by remote sensing is one tool for 
improving N management and yield predictions in many 
crops. When radiation corresponding to the wavelengths 
of   pigment   absorption   bands  is  incident  upon  green 
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vegetation, the reflectance is reduced to a varying extent, 
depending on the tissue pigment content. Absorption by 
water and pigments determine to a large extent the 
reflectance spectrum of a leaf. Chlorophyll and accessory 
pigments absorb strongly between 400 and 700 nm.  
Several studies have reported the use of remote 
sensing to quantify N stress in many plant species and 
predict crop yields (Graef and Claupein, 2003; 
Schlemmer et al., 2005; Gitelson et al., 2005; Zhao et al. 
2007). Simple ratio (SR) and normalized difference 
vegetation index (NDVI) have been widely used to 
assess ground coverage of plant vegetation, leaf area 
index (LAI), biomass production and crop yields (Aparicio 
et al., 2000, Moges et al., 2007). However, other studies 
have found that NDVI saturates with high biomass and is 
insensitive to variations in chlorophyll concentration on 
reaching saturation at low LAI (Aparicio et al., 2000; 
Daughtry et al., 2000). The use of red-edge reflectance 
rather than red has improved the early detection of plant 
stress and crop yield estimation (Gitelson et al., 2005; 
Eitel et al., 2009; 2011),  
Only a few of these indices have been tested on grain 
sorghum (Mandal et al., 2007; Moges et al., 2007; Zhao 
et al., 2005). In addition few of these studies considered 
the combined effect of water and N availability and its 
effects on leaf reflectance of grain sorghum. Richardson 
et al. (2002) cautioned that differences in leaf structure 
may necessitate species-specific calibration equations.  
 
 
Hypothesis and objectives 
 
Leaf and canopy reflectance of grain sorghum can be 
used to evaluate N stress. The relationships between leaf 
and canopy spectral reflectance and water and N 
stresses of grain sorghum were evaluated. Specific 
objectives of the study were: 
 
i. Determine reflectance patterns of sorghum leaf 
exposed to N and water stress.  
ii. Identify spectral bands in which leaf reflectance were 
most affected by N content.  
iii. Calibrate and validate spectral indices for the detection 
of N stress in grain sorghum at leaf level and compare 
these with published indices.  
 
 
MATERIALS AND METHODS 
 
The effect of water and N stresses on spectral reflectance of grain 
sorghum was addressed in a greenhouse study conducted from 
February to April, 2006. Forty five (45) pots with capacity of 9.45 L 
were filled with equal volumes of Crete silt loam mixed with sand. 
Inorganic N as urea was applied at the equivalent of 0, 34, 68, 100 
and 135 kg N ha-1 with 50% applied pre-planting and 25% each at 
28 and 42 days after emergence to minimize leaching of nitrate-N 
from the pots. Phosphorus was applied a 45 kg   P ha-1 in  the  form 
 
 
 
 
of triple super-phosphate and potassium at 20 kg K ha-1 in the form 
of muriate of potash before planting. A medium maturity sorghum 
hybrid, Dekalb 42-20, was planted and thinned to leave three plants 
per pot after emergence. A completely randomized design (CRD) 
with four replications was used. Twelve-hour (7am to 7pm), 400 
watt incandescent light was used and temperature was kept at 
29°C for day and 18°C for night temperature.   
Three levels of soil water matric potential were imposed 
beginning 32 days after emergence (DAE): adequate/low soil water 
stress (LOW; <20 kPa); medium water stress (MEDIUM; 
40<kPa<80), and high water stress (HIGH; >100 kPa). Soil matric 
potential was recorded with Watermark sensors (Irrometer Co., 
Riverside, CA, USA) installed in the middle of each pot. Each 
Watermark sensor was connected to a data logger and soil water 
matric potential was logged hourly. At 75 DAE, Minolta SPAD-502 
(SPAD) chlorophyll meter, SPAD (Minolta Co., Osaka, Japan) 
readings were taken from the middle section along the length and 
midway between the margin and the midrib of the most recently 
fully expanded leaf. Two measurements were taken from each of 
three leaves for each pot; afterwards these leaves were removed, 
kept in a polyethylene bag under ice, and sent to the laboratory for 
reflectance measurement and chlorophyll extraction (Daughtry and 
Biehl, 1985). Plants in each pot were harvested, weighed 
immediately, and then dried at 70°C for 72 h to determine dry 
weight.  
 
 
Reflectance measurement, relative water content and 
chlorophyll extraction 
 
Before chlorophyll extraction, spectral reflectance of the three 
previously used leaves for SPAD measurement was measured with 
an ASD Fieldspec FR spectroradiometer (Analytical Spectral 
Device, Boulder, CO) connected to a Li-COR integrating sphere (LI-
COR Inc., Lincoln, NE). A BaSO4 reference was used to calibrate 
all reflectance measurements. Six scans were taken per leaf. Each 
spectral scan measured the reflectance from 350 to 2500 nm at 1-
nm increments. The spectral data was converted to reflectance and 
the data above 2200 nm was discarded due to high noise to signal 
ratio.  
Relative water content (RWC) and total chlorophyll content of the 
incised leaves were determined. Ten 1 cm disks were taken from 
each leaf that was used for spectral reflectance measurement. Five 
disks were selected randomly and weighed immediately providing a 
measure of fresh weight (Lf). The leaf disks were soaked in 
deionized water for 24 h and then weighed again to obtain the 
turgid weight (Lt). Finally, the leaf disks were dried at 85°C and 
weighed to obtain a dry mass (Ld). The RWC was calculated 
(Salisbury and Ross, 1992) as: 
 
RWC = (Lf - Ld)/( Lt - Ld).  
 
The remaining set of five leaf disks were used to determined 
chlorophyll content using the dimethyl sulphoxide (DMSO) 
chlorophyll extraction technique (Barnes et al., 1992). Ten milliliters 
of DMSO and leaf disks were placed in a 65°C water bath for 30 
min. The DMSO extract was read on a DU 800 spectrophotometer 
to acquire absorption (Aλ) measurements at 500 to 750 nm 
wavelength, which was used to calculate chlorophyll concentration 
(Chlconc). Equations for Chl a and Chl b as provided by Wellburn 
(1994): 
 
Chl a = 12.19A665 - 3.45A649; (µg ml
-1) 
Chl b = 21.99A649 - 5.32A665; (µg ml
-1) 
Total Chlconc = Chl a + Chl b; (µg ml
-1) 
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Table 1. ANOVA summary for a greenhouse study with fertilizer N rates under different levels of soil water stress  
at 75DAP. 
  
SOV df 
†
DMY Chl SPAD RWC R549-560 R710-718 R1450-1460 R1760-1770 
Units  ---g--- mg m
-2
  -%- --------------------------%-------------------------------- 
  --------------------------------------------Mean Square(MS)------------------------------------------- 
N rate (N) 4 623** 105063** 363** 0.205** 68.0 ** 76.9** 12.8** 8.10** 
Water level (W) 2 132** 809.5ns 7.2** 0.084** 20.1** 19.5** 14.8** 10.9** 
N*W 8 21.3** 3411** 11.1** 0.014ns 2.78ns 4.61ns 4.95** 3.74** 
Residual 28 0.83 377 0.92 0.002 2.45 2.57 1.74 0.81 
 
†Dry matter yield (DMY), total leaf chlorophyll (Chl), SPAD values (SPAD), relative leaf water content (RWC). ‡Reflectance, R at 
average of 549 to560, 710 to 718, 1450 to 1460 and 1760 to 1770 nm wavelength. *Significant at 5%, ** Significant at 1% or less, ns 
Not Significant. 
 
 
 
Chlorophyll content was derived as a function of chlorophyll 
concentration, the volume of DMSO (DMSOvol) used in the 
extraction, and the leaf disk area (LDA) sampled: 
 
Chlorophyll (Chl) content = (total Chlconc * DMSOvol)/LDA; (mg m
-2) 
 
 
Indices calibration and validation 
 
Using the concept proposed by Gitelson et al. (2003), four indices 
were calibrated as follows: 
 
i. R[(green)]
-1,  
ii. R[(green)]
-1 - R[(NIR)]
-1,  
iii. R[(RE)]
-1,  
iv. R[(RE)]
-1 - R[(NIR)]
-1,  
 
Where R[(λ)]
-1 is the reciprocal reflectance of green, red edge (RE) 
and near infrared (NIR) and compared with three published 
frequently used indices listed as follows: 
 
Simple ratio index (SR) = RNIR/RRED (Rouse et al., 1974), 
NDVI = (RNIR –RRED)/(RNIR + RRED) (Rouse et al., 1974),  
GNDVI = (RNIR – RGREEN)/(RNIR+RGREEN) (Gitelson et at., 1996).  
 
 
Data analysis 
 
All data were analyzed by analysis of variance mixed linear model 
procedure (Proc Mixed, SAS Institute, 2007, Cary, NC, USA). 
Where the F test was significant at P ≤ 0.05, the least significant 
difference (LSD) was calculated and used to separate treatment 
means. Regression analysis was performed to establish 
relationships of reflectance with SPAD values, chlorophyll content 
and biomass yield. The data collected from the experimental setup 
was divided into two. The data from one set was used to calibrate 
the reflectance indices and the second data set was used for the 
indices validation. 
 
 
RESULTS AND DISCUSSION 
 
Relationship of SPAD values with chlorophyll content 
and dry matter yield 
 
The interaction between  N rate  and  water-stress  levels 
significantly influenced dry matter yield, chlorophyll 
content, SPAD values, and the reflectance mean of 1450 
to 1470 nm and mean of 1760 to 1770 nm (Table 1). 
Water-stress level resulted in significant differences in all 
parameters measured, except leaf total chlorophyll 
content.  
At each soil water level, the best fit function of the 
relationship between N rate and biomass yield was a 
power function with R
2
 values of 0.99 with Low and 0.98 
with Medium and High water-stress levels (Figure 1A). 
Water stressed plants responded less to increased N rate 
and the response to N leveled off after 60 kg N ha
-1
. 
Medium and Low water stressed plants reached a 
plateau between 90 and 120 kg N ha
-1
. At any N rate, 
stressed plants had lower yield per kg N applied 
compared to Medium and Low treatment. Several studies 
have reported significant water and N interactions on 
growth and development and biophysical characteristics 
of crops (Schepers et al., 1996; Martinez and Guiamet, 
2004; Zhao et al., 2005). 
With an adequate water supply, SPAD values and 
chlorophyll content had a positive linear relationship with 
N rate, while the best fit function was power for Medium 
and High stressed conditions with R
2
 values of 0.92 with 
Medium and 0.98 with High (Figure 1B). With Low water 
stressed, the relationship between leaf chlorophyll and N 
rate was linear with R
2
 value of 0.97. While with Medium 
and High, quadratic functions with R
2 
values of 0.84 and 
0.98 with Medium and High described the relationship 
between leaf chlorophyll and N rate (Figure 1C).   
There was a quadratic relationship between SPAD and 
chlorophyll content with chlorophyll being increased with 
increasing SPAD and a coefficient of determination of 
0.88 (Figure 2A). Significant relationships between SPAD 
values and chlorophyll content have been reported by 
Markwell et al. (1995), Schepers et al. (1996) and 
Martinez and Guiamet (2004). Since much of leaf N is 
incorporated in chlorophyll, chlorophyll in leaves has 
been used to assess N status of crops. Chlorophyll 
meters have been used to detect N stress in corn (Zea
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Figure 1. Effect of N rates and water stress levels on grain sorghum biomass yield (A) 
SPAD values (B) and total chlorophyl concentration (C) at 75 days after emergence in a 
greenhouse. LOW, MEDIUM and HIGH water stress. 
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Figure 2. Best fit relationship of SPAD values with grain sorghum leaf total chlorophyll 
content (Chl) (A) SPAD with dry matter yield (B) and of Chl with dry matter yield (C) across 
five N rates and three water levels at 75 days after planning in a greenhouse 
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Figure 3. Effect of soil water on leaf SPAD values and relative leaf 
water content of grain sorghum in a greenhouse study. Y-bars = 
LSD (0.05). 
 
 
 
mays L.) leaves (Schepers et al., 1992; Wood et al., 
1992; Blackmer et al., 1994). The increase in dry matter 
yield relative to SPAD and chlorophyll content was 
quadratic with R
2
 of 0.86 and 0.85, respectively (Figure 
2B and C). Although SPAD measurements are rapid and 
easy, the measurement represents a very small portion of 
a leaf. Water stress, leaf age and time of the day 
influence SPAD readings (Schepers et al., 1996; 
Martinez and Guiamet, 2004; Schlemmer et al., 2005). 
The use of SPAD in predicting leaf N status in grain 
sorghum and other plants must be guided by water status 
of the crop since SPAD tends to under-estimate leaf N 
status under water stress (Schepers et al., 1996; 
Schlemmer et al., 2005). 
In this study, water stress decreased SPAD values and 
reduced the relative water content of the leaf (Figure 3). 
Relative water content (cell turgor) in plants growing 
under field conditions varies during the day. Martinez and 
Guiamet (2004) observed that SPAD values were 
increased when a maize leaf was dehydrated and 
reduced when the same leaf was re-hydrated in a 
laboratory. However, Schepers et al. (1996) and 
Schlemmer et al. (2005) reported that water stress in 
maize leaves reduced SPAD values. Water stress in 
plants reduces RWC and cell turgor and this increases 
transmittance of the near infrared energy through the leaf 
tissue. The intercellular air spaces in the leaf tissue are 
influenced by cell turgor which is directly influenced by 
plant water status. The SPAD output is a function of leaf 
transmittance in the red and NIR (650 and 940 nm) 
wavelengths and is affected by changes in the 
intercellular air spaces of the leaf. 
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Figure 4. Effect of water (A) and nitrogen (B) stress on leaf spectral 
reflectance of grain sorghum. 
 
 
 
Effect of water and N stresses on leaf spectral 
reflectance 
 
Water × N rate interaction resulted in differences in 
spectral reflectance in the mid-infrared (1450 to 1460 and 
1760 to 1770 nm) range (Table 1). In general, inadequate 
water and N caused increased reflectance in the visible, 
near infrared (NIR) and mid infrared (MIR) regions of 
spectral profile for grain sorghum (Figure 4A and B).  
In sections of green (549 to 560 nm), red edge (710 to 
717 nm) and MIR (1450 to 1460 nm and 1760 to 1770 
nm), water and N stress significantly affected the spectral 
reflectance of sorghum (Table 1). Many environmental 
and physiological factors can cause increased leaf 
reflectance, but N deficiency generally increases 
reflectance in the green and the red edge ranges (Carter 
and  Knapp,  2001;  Daughtry  et  al.,  2000;  Zhao  et  al., 
2003). Leaf reflectance in the green, red edge and MIR 
wavelength of the spectrum can be good indicators of N 
and water stress in plants (Graef and Claupein, 2003;  
Schlemmer et al., 2005; Gitelson et al., 2005; Zhao et al., 
2007). Reflectance properties of leaves are controlled by 
the absorption and scattering processes which occur 
within the leaf. Light is reflected (scattered) at the 
interface of media with different reflective indexes such 
as cell wall-air interfaces in the intercellular spaces inside 
the leaf.  
Chlorophyll content was generally high with all N rates 
(0 to 150 kg N ha
-1
), ranging from 200 to 500 mg m
-2
 
(Figure 1C). Variability in chlorophyll content with fertilizer 
N rate has been observed in other studies on maize and 
wheat which perhaps are more sensitive to N stress 
(Schepers et al., 1996; Schlemmer et al., 2005). 
Sorghum   leaf  reflectance  in  the  green  and  red  edge 
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Figure 5. Coefficient of determination, R2 (A) and root mean square 
error, RMSE (B) of relationship between reflectance and leaf 
chlorophyll, and wavelength 
 
 
 
wavelengths had the best correlation with chlorophyll 
content with an R
2
 value of 0.74, compared with lower R
2
 
values of 0.21 in the blue, 0.36 in the red and 0.20 in the 
NIR wavelength. There is strong absorption of 
biochemical pigments for photosynthetic activities in the 
blue and red spectral region. According to Gitelson 
(personal communication), even in completely yellow 
leaves, absorption is higher than 85% in the blue spectral 
region. Due to high reflectance in the green spectral 
region, the region is sensitive to wide ranges of 
chlorophyll content, hence the strong coefficient of 
determination observed. Sims and Gamon (2002) 
reported that reflectance around the 700 nm spectral 
region was the most sensitive indicator of chlorophyll of 
many non-related leaves and that the ratio of NIR to red 
edge indices proposed by Gitelson and Merzlyak (1994) 
could be used as a measure of chlorophyll content for 
many plant species.  
Reflectance indices calibration and validation 
 
Using the concept developed by Gitelson et al. (2003), a 
model was calibrated and validated with an independent 
data set for leaf chlorophyll content estimation in grain 
sorghum in a greenhouse study. According to Gitelson et 
al. (1996), reciprocal reflectance alone at certain 
wavelengths could be used to quantitatively estimate 
chlorophyll content. In order to be able to select a 
spectral range that could be used to calibrate a model for 
leaf chlorophyll content estimation, a linear correlation 
between chlorophyll content and spectral reflectance was 
established. The wavelength with the lowest root mean 
square error (RMSE) and highest R
2
 in the visible and RE 
regions and the wavelength with the highest RMSE and 
lowest R
2 
in the NIR regions were selected for the 
calibration (Figure 5). Reciprocal reflectance at 549 to 
560 nm (R[(549-560)]
-1
) with the peak at 550 nm (R[(550)]
-1
) in
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Figure 6. Relationship between reflectance index (Rx)-1 and leaf total chlorophyll 
content in green (A) and RE (B) spectral range, and subtraction NIR (R[(750)] -1) 
from (Rx)-1 green (C) and red edge (D). 
 
 
 
the green spectral range and from 710 to 718 nm (R[(710-
718)]
-1
) with a peak at 718 nm (R[(718)]
-1
) in the red edge 
range were selected for model calibration since this 
relationship had the highest R
2
 and lowest RMSE in the 
spectral profile and agreed with Gitelson et al. (2003). 
The best fit regressions between chlorophyll contents and 
the four reflectance indices were linear with an R
2
 of 0.76 
to 0.79 (Figure 6). 
According to Gitelson et al. (2003), R[(NIR)]
-1
 values are 
comparable to chlorophyll content in leaves with very low 
chlorophyll content and thus represent scattering and 
non-pigment leaf absorption. Subtracting R[(NIR)]
-1
 values 
from the green and RE index slightly improved R
2
 values 
and significantly reduced the intercept of the model from 
312 to 35 mg m
-2
 in the green range and from 486 to 21 
mg m
-2
  in  the  RE  range  (Table 2).  Zhao  et  al.  (2005) 
suggested two narrow ranges centered on R(555) nm and 
R(715) (± 5) nm for detecting N deficiency in sorghum. 
They found the ratio of two indices R1075/R735 and 
R405/R715 had a better linear relationship than single 
waveband indices with R
2
 values ranging from 0.64 to 
0.82.  
The normalized difference vegetation index (NDVI) and 
simple ratio (SR) index (Rouse et al., 1974; Aparicio et 
al., 2000) are two commonly used vegetative indices in 
remote estimation of chlorophyll in plants. These two 
indices and the green NDVI (Gitelson et al., 1996) were 
compared with reciprocal reflectance indices suggested 
in this study using the same data set. Both NDVI and SR 
performed poorly, while GNDVI did better compared to 
the suggested indices in estimating chlorophyll (Figure 7). 
Gitelson et al. (2003) reported that indices that use
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Table 2. Calibrated models for estimating total leaf total chlorophyll (Chl) content in 
grain sorghum leaves at 75 days after planting in a greenhouse study. 
   
†
Rλ  Model R
2
 
R[(549 - 560)]
-1
 Chl = 15176* Rλ – 312.78 0.758 
R[(549 - 560)]
-1
 - R[750]
-1
 Chl = 15426* Rλ – 35.154 0.767 
R[(710 – 718)]
-1
   Chl = 27658* Rλ - 486.54 0.775 
R[(710 - 718)]
-1
 - R[750]
-1
 Chl = 28484* Rλ - 21.317 0.795 
SR, R780/ R685 Chl = 253.1* Rλ - 709.67 0.511 
NDVI, R[(780 – 685)/R(780 –  685)] Chl = 3768.9* Rλ - 1962.4 0.528 
GNDVI, R[(780 – 550)/R(780 + 550)] Chl = 2239.8* Rλ - 490.8 0.945 
 
†Reflectance index. 
 
 
 
 
 
Figure 7. Relationship of total chlorophyll content with 
reflectance indices: simple ratio (A) normalized difference 
vegetation index (B) and green normalized difference 
vegetation index (C). 
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Table 3. Relationship between predicted and measured total leaf chlorophyll (Chl) content using calibrated 
models developed from an independent data set. 
 
 
†
Rλ Model RMSE (mg m
-2
) SE 
R[(549-560)]
 -1
 Chlpred =  0.7349*Rλ + 107.91 53.0 48.7 
(R[(549-560)]
-1
- R[(750)]
-1
 Chlpred = 0.7197* Rλ + 112.21 53.6 48.8 
R[(710-718)]
-1
 Chlpred =0.7023* Rλ + 124.66 52.4 44.4 
R[(710-718)]
-1
- R[(750)]
-1
 Chlpred = 0.6728* Rλ + 133.28 54.0 45.1 
SR [R780/R685] Chlpred = 0.3099* Rλ + 262.59 92.3 67.4 
NDVI [(R780 - R685)/(R780 - R685)] Chlpred = 0.3134* Rλ + 259.63 90.4 65.8 
GNDVI[(R780-R550)/(R780-R550)] Chlpred = 0.7237* Rλ + 101.18 56.0 52.6 
 
†Reflectance index. 
 
 
 
reflectance in the red range were sensitive only to low 
chlorophyll and not sensitive to moderate to high 
chlorophyll.  
Due to the moderate to high chlorophyll of the data set, 
reflectance in the red spectral region had a low 
relationship to chlorophyll, and consequently it was not 
surprising that both NDVI and SR were poorly related to 
chlorophyll in this study. The calibrated models were 
used to predict chlorophyll from an independent second 
data set collected from the same study. Reciprocal 
reflectance values in the independent data set were used 
in the indices of the calibrated model to estimate 
chlorophyll. The estimated chlorophyll was then 
compared with measured chlorophyll content. Table 3 
shows the RMSE and standard error of estimation 
between the predicted and the measured chlorophyll. The 
proposed models performed well in predicting chlorophyll, 
with RMSE ranging from 52 to 56 mg m
-2
 (Table 3). As 
expected both NDVI and SR did poorly with very high 
RMSE while GNDVI performed better. 
 
 
Conclusion 
 
With adequate plant water, both SPAD values and 
chlorophyll content had linear relationships with N 
application rate. Under water stress conditions, there was 
the tendency for SPAD values to under-estimate the N 
status of the plant. Leaf reflectance of grain sorghum was 
reduced by both N and water stress. Reciprocal 
reflectance of 549 to 560 nm, R[(549-560)]
-1
 with the peak at 
550 nm, R[(550)]
-1
 and 710 to 718 nm, R[(710-718)]
-1
 with 
peak at 718 nm, R[(718)]
-1
 minus reciprocal reflectance in 
the NIR, R[(750)]
-1
 had  linear relationships with chlorophyll. 
The models calibrated in this study predicted leaf total 
chlorophyll with less RMSE than SR, NDVI and GNDVI.  
 
 
Conflict of interests 
 
The authors have not declared any conflict of interest. 
REFERENCES 
 
Aparicio N, Villegas D, Casadesus J, Araus JL, Royo C (2000). Spectral 
Vegetation Indices as Non destructive Tools for Determining Durum 
Wheat Yield. Agron. J. 92:83-91. 
Barnes JD, Balaguer L, Manrique E, Elvira S, Davison AW (1992). A 
reappraisal of the  use DMSO for the extraction and determination of 
chlorophylls a and b in lichens and higher plants. Environ. Exp. Bot. 
32:85-100. 
Blackmer TM, Schepers JS, Varvel GE (1994). Light reflectance 
compared to other N stress measurements in corn leaves. Agron. J. 
86:934-938. 
Carter GA, Knapp AK (2001). Leaf optical properties in higher plants: 
linking spectral characteristics to stress and chlorophyll 
concentration. Am. J. Bot. 84:677-684. 
Daughtry CST, Biehl LL (1985). Changes in spectral properties of 
detached birch leaves. Remote Sens. Environ.17:281-289. 
Daughtry CST, Walthall CL, Kim MS, Brown de Colstoun E, McMurtrey 
III JE (2000). Estimating corn leaf chlorophyll concentration from leaf 
and canopy reflectance. Remote Sens. Environ. 74:229-239. 
Eitel JUH, Long DS, Gessler PE, Hunt Jr ER, Brown DJ (2009). 
Sensitivity of Ground-Based Remote Sensing Estimates of Wheat 
Chlorophyll Content to Variation in Soil Reflectance. Soil Sci. Soc. 
Am. J. 73:1715-1723. 
Eitel JUH, Vierling LA, Litvak ME, Long DS, Schulthess U, Ager AA, 
Krofcheck DJ, Stoscheck (2011). Broadband, red-edge information 
from satellites improves early stress detection in a New Mexico 
conifer woodland. Remote Sens. Environ. 115:3640-3646. 
Ferguson RB (2000). Grain and silage sorghum. In: RB Ferguson (Ed.) 
Nutrient management for agronomic crops in Nebraska. Cooperative 
Extension EC 01–155-S. Univ. of Nebraska, Lincoln. 
Gitelson AA, Vina A, Ciganda V, Rundquist DC, Arkebauer TJ (2005). 
Remote estimation of canopy chlorophyll content in crops. Geophys. 
Res. Lett. 32:L08403. 
Gitelson AA, Gritz Y, Merzlyak MN (2003). Relationships between leaf 
chlorophyll content and spectral reflectance and algorithms for non-
destructive chlorophyll assessment in higher plant leaves. J. Plant 
Physiol. 160:271-282.  
Gitelson AA, Kaufman Y, Merzlyak M (1996). Use of a green channel in 
remote sensing  of global vegetation from EOS-MODIS. Remote 
Sens. Environ. 58:289-298. 
Gitelson AA, Merzlyak MN (1994). Quantitative estimation of chlorophyll 
a using reflectance spectra: Experiments with autumn chestnut and 
maple leaves. J.  Photochem. Photobiol. 22:247-252. 
Graef S, Claupein W (2003). Quantifying N status of corn (Zea mays L.) 
the field by reflectance measurements. Eur. J. Agron. 19:611-618. 
Mandal UK, Victor US, Srivastava NN, Sharma KL, Ramesh V, Vanaja 
M, Korwar GR,  Ramakrishna YS (2007). Estimating yield of 
sorghum using root zone water balance model and spectral 
characteristics of crop in a dry land Alfisol. Agric. Water Manag. 
87:315-327. 
  
836         Afr. J. Agric. Res. 
 
 
 
Maman N, Lyon DJ, Mason SC, Galusha TD, Higgins R (2003). Pearl 
millet and grain sorghum yield response to water supply in Nebraska. 
Agron. J. 95:1618-1624. 
Markwell J, Osterman JC, Mitchell JL (1995). Calibration of the Minolta 
SPAD-502 leaf chlorophyll meter. Photosynth. Res. 46:467-472. 
Martinez DE, Guiamet JJ (2004). Distortion of the SPAD-502 meter 
readings by changes in irradiance and leaf water status. Agronomie 
24:41-46. 
Moges SM, Girma K, Teal RK, Freeman KW, Zhang H, Arnall DB, Holtz 
SL, Tuban BS, Walsh O, Chung B, WR Raun (2007). In-season 
estimation of grain sorghum yield potential using a hand-held optical 
sensor. Agron. Soil Sci. 53: 617-628. 
Richardson AD, Duigan SP, Berlyn GP (2002). An evaluation of 
noninvasive methods to  estimate foliar chlorophyll content. New 
Phytol. 153:185-194. 
Rouse JW, Hass RH, Schell JA, Deering DW, Harlen, JC (1974). 
Monitoring the vernal advancement of retrogradation of natural 
vegetation. Final Report, NASA/GSFC, Greenbelt, MD. 
Salisbury FB, Ross CW (1992). Plant physiology. Wadsworth Publishing 
Company Inc. Belmont. 
Schepers JS, Blackmer TM, Wilhelm WW, Resende M (1996). 
Transmittance and reflectance measurements of corn leaves from 
plants with different N and  water supply. J. Plant Physiol. 148:523-
529. 
Schepers JS, Blackmer TM, Francis DD (1992). Predicting N fertilizer 
needs for corn in  humid regions: using chlorophyll meters. In: Bock 
BR, Kelley KR (Eds.). Predicting fertilizer needs for corn in Humid 
regions.. National Fertilizer and Environmental Research Center, 
Tennessee Valley Authority. Muscle Shoals, AL 35660. Bull. Y-226 
pp. 105-114 
Schlemmer MR, Francis DD, Shanahan JF, Schepers JS (2005). 
Remotely measuring chlorophyll content in corn leaves with differing 
N levels and relative water content. Agron. J. 97:106-112. 
Sims DA, Gamon JA (2002). Relationship between leaf pigment content 
and Spectral reflectance across a wide range species, leaf structures 
and development stages. Remote Sens. Environ. 81:337-354. 
U.S. Grain Council (2015). Developing Markets, Enabling Trade, 
Improving lives. Available at: http://www.grains.org/. 
 
 
 
 
 
 
 
 
 
 
 
Wellburn AR (1994). The spectral determination of chlorophylls a and b, 
as well as total carotenoids, using various solvents with 
spectrophotometers of different resolution. J. Plant Physiol. 144:307-
313. 
Wood CW, Reeves DW, Dufield RR, Edmisten KL (1992). Field 
chlorophyll measurement for evaluation of corn N status. J. Plant 
Nutr. 15:487-500. 
Zhao D, Reddy KR, Kakani VG, Read JJ, Carter GA (2003). Corn (Zea 
mays, L.) growth, leaf pigment concentration, photosynthesis and leaf 
hyperspectral reflectance  properties as affected by N supply. Plant 
Soil 257:205-217.   
Zhao D, Reddy KR, Kakani VG, Reddy V (2005). N deficiency effect on 
plant growth, leaf photosynthesis, and hyperspectral reflectance 
properties of sorghum. Eur. J. Agron. 22:391-403.  
Zhao D, Reddy KR, Kakani VG, Read JJ, Koti S (2007). Canopy 
reflectance in cotton for growth assessment and lint yield prediction. 
Eur. J. Agron. 26:335-344. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
